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SYSTEMS AND METHODS FOR
COMPENSATING FOR TRANSMISSION

PHASING ERRORS IN A COMMUNICATIONS
SYSTEM USING A RECEIVE SIGNAL

BACKGROUND OF THE INVENTION

1. Statement of the Technical Field

The invention concerns communication systems. More
particularly, the invention concerns systems and methods for
compensating for transmission phasing errors 1 communi-
cation systems using a receive signal.

2. Description of the Related Art

Multiple element antenna arrays are widely used 1n wire-
less communications systems to enhance the transmission
and reception of signals. In particular, the enhanced perfor-
mance 1s generally provided by using such antenna arrays in
conjunction with beamforming techniques. Conventional
beamforming takes advantage of interference between elec-
tromagnetic waves generated by each of the different antenna
clements in the antenna array to change the overall direction-
ality for the array. For example, during transmission, the
phase and relative amplitude of the transmitted signal at each
antenna element 1s adjusted, in order to create a desired pat-
tern of constructive and destructive interference at the wave-
front of the transmitted signal. During signal reception, the
received signals are processed and the different antenna ele-
ments are arranged in such a way that a pre-defined pattern of
radiation 1s preferentially observed by the antenna elements.

In general, such antenna arrays typically include a system
controller, a plurality of antenna controllers, and a plurality of
antenna elements (e.g., dish antennas). Each of the antenna
clements 1s typically communicatively coupled to the system
controller and a respective one of the antenna controllers via
cables. During transmission and reception, each antenna ele-
ment converts electrical signals 1nto electromagnetic waves
and vice versa. The system controller, using conventional
beamforming techniques, varies the configuration of the vari-
ous components in the antenna array to provide a particular
radiation pattern during transmission or reception. However,
as the dimensions of the array, the number of antenna ele-
ments, and the precision required in certain beamiorming
applications increases, properly concerting the actions of the
various components becomes increasingly difficult.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide systems and
methods for compensating for transmission phasing errors in
communication systems using a receive signal.

In a first embodiment of the present invention, a method for
correcting transmission phasing errors i an plurality of
antenna elements 1s provided. The method includes the steps
ol: recetving at least a first signal having a first frequency at
the plurality of antenna elements at an angle of arrival (AOA).
The method also includes i1dentifying an actual fractional
wavelength value (1, ) for the first signal received with
respect to a reference location for at least one of the plurality
of antenna elements; obtaining a estimated phase propagation
of the first signal at the one of the plurality of antenna ele-
ments relative to the reference location based at least on
configuration data for plurality of antenna elements; and
updating the configuration data associated with the AOA for
the one of the plurality of antenna elements based on the
estimated phase propagation and 1, .

In a second embodiment of the present invention, a com-
munication system 1s provided. The communications system
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includes a plurality of antenna elements and an array control
system communicatively coupled to the plurality of antenna
clements. The array control system includes a storage ele-
ment for storing signal data for at least a first signal having a
first frequency received at the plurality of antenna elements at
an angle of arrival (AOA) and for storing configuration data
for the plurality of antenna elements. The array control sys-
tem also includes a processing element communicatively
coupled to the storage element. The processing element con-
figured for: identitying an actual fractional wavelength value
(1, ) for at least one of the plurality of antenna element for
the first signal with respect to a reference location, obtaining,
a estimated phase propagation of the first signal at the one of
the plurality of antenna elements relative to the reference
location based at least on configuration data for plurality of
antenna elements, and updating the configuration data asso-
ciated with the AOA for the one of the plurality of antenna
clements based on the estimated phase propagation and 1, .

In a third embodiment of the present invention, a computer-
readable storage, having stored thereon a computer program
for correcting transmission phasing errors in plurality of
antenna 1s provided. The computer program includes a plu-
rality of code sections for performing the steps of: receiving
signal data for at least a first signal having a first frequency at
the plurality of antenna elements at an angle of arrival (AOA),

identifying an actual fractional wavelength value (1, ) for
the first signal recerved with respectto areference location for
at least one of the plurality of antenna elements using a blind
source separation algorithm; obtaining a estimated phase
propagation of the first signal at the one of the plurality of
antenna elements relative to the reference location based at
least on configuration data for plurality of antenna elements;
and updating the configuration data associated with the AOA
for the one of the plurality of antenna elements based on the

estimated phase propagation and 1,

Flie

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will be described with reference to the fol-
lowing drawing figures, in which like numerals represent like
items throughout the figures, and 1n which:

FIG. 1 1s a schematic illustration of an exemplary commu-
nications system configured according to an embodiment of
the present invention.

FIG. 2 1s a block diagram of the element array control
system shown 1n FIG. 1.

FIG. 3 15 a block diagram of the transmuit side of the system
controller shown in FIG. 2 communicatively coupled to the
RF equipment shown 1n FIG. 1.

FIG. 4 1s a block diagram of the receive side of the system
controller shown in FIG. 2 communicatively coupled to the
antenna controllers shown 1n FIG. 1.

FIG. 5 1s a schematic view of a computer system within
which a set of instructions operate according to an embodi-
ment of the present invention.

FIGS. 6 A and 6B are schematic views of possible causes of
differential distances between antenna elements 1n an array.

FIG. 7TA 1s a exemplary diagram showing actual phase
propagation along a differential distance between a first and a
second antenna element in an array and a residual phase value
computed according to an embodiment of the present inven-
tion.

FIG. 7B 1s a exemplary diagram showing estimated phase
propagation along a differential distance between a first and a
second antenna element 1n an array computed according to an
embodiment of the present invention.
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FIG. 7C 1s a exemplary diagram showing an adjusted or
“true” phase propagation along a differential distance
between a first and a second antenna element 1n an array
computed according to an embodiment of the present imnven-
tion.

FIG. 8 1s a flowchart of steps in an exemplary method for
operating an array ol antenna element according to an
embodiment of the present invention.

DETAILED DESCRIPTION

The present 1invention 1s described with reference to the
attached figures, wherein like reference numerals are used
throughout the figures to designate similar or equivalent ele-
ments. The figures are not drawn to scale and they are pro-
vided merely to illustrate the instant invention. Several
aspects of the mnvention are described below with reference to
example applications for illustration. It should be understood
that numerous specific details, relationships, and methods are
set forth to provide a full understanding of the invention. One
having ordinary skill in the relevant art, however, will readily
recognize that the mvention can be practiced without one or
more of the specific details or with other methods. In other
instances, well-known structures or operations are not shown
in detail to avoid obscuring the invention. The present mnven-
tion 1s not limited by the illustrated ordering of acts or events,
as some acts may occur 1n different orders and/or concur-
rently with other acts or events. Furthermore, not all 1llus-
trated acts or events are required to implement a methodology
in accordance with the present invention.

Multi-element antenna arrays are commonly used for pro-
viding directional wireless communications by utilizing vari-
ous beamiorming techniques. That 1s, the antenna element
array 1s typically configured to recetve or transmit 1n one or
more directions via adjustment of antenna element position,
antenna element signal amplitude, and/or antenna element
signal phase. The resulting interference pattern provides a
series of directional beams and nulls which are used to accept
and 1gnore signals, respectively, during transmission or
reception tasks. Typically, the beamiorming 1s performed by
using a pre-defined system model and/or calibration data that
describes the configuration of the antenna array to determine
how to adjust the antenna elements to provide enhanced trans-
mission and reception of signals from one or more sources.

However, one of the difficulties with beamiorming tech-
niques 1s that such pre-defined system models generally
assume 1deal transmission conditions in the transmission
medium (e.g., atr, space) and perfect alignment of the antenna
clements. That 1s, 1t 15 generally assumed that the phase of a
signal transmitted by the different antenna elements and the
locations of the antenna elements 1n the array are accurately
known and that directional beams and nulls generated by the
signals from each antenna element occur at the locations
specified by the model. Unfortunately, this 1s generally not the
case for most multi-element antenna arrays, especially when
the antenna elements are spread out over a large distance.

Typically, the signals transmitted by one or more antenna
clements 1n a multi-element antenna suffer from some
amount of phasing error due to objects in the transmission
medium and slight errors in the locations of the antenna
clements. For example, objects such as clouds and other
atmospheric eflects can atlect the phase of the signal being
transmitted and the locations of the antenna element may not
be known with a high degree of accuracy. Since beamiforming,
relies on phase coordination of the signals generated by the
various antenna element 1n an array, based on the locations of
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the antenna elements, such phasing errors can result in
reduced signal strength at the target object or even formation
of a null.

In the case of antenna elements transmitting and receiving,
at the same frequency, such phasing errors are generally cor-
rected during a transmission operation by using the complex
conjugate of the phase of the as-recerved signal to adjust the
phase of the transmitted signal. This i1s possible since the
phase propagation 1s essentially the same for the transmitted
and received signal and needs only to be synchronized the
correct phase. The term “phase propagation™, as used herein,
refers to the variation in phase of a signal over time and
distance. Typically, as a signal traverses a transmission
medium, the phase of the signal varies according to the fre-
quency of the signal. Unfortunately, 1n many types of multi-
clement antenna systems, the transmitted and received sig-
nals may not have the same frequency. As a result, the phase
propagation for these transmitted and received signals varies
and the complex conjugate of the phase of the recerved signal
cannot be applied.

As a result, 1n other to determine the amount of transmis-
sion phasing errors, so-called “long loop” methods are typi-
cally used. That 1s, an antenna element 1s configured to trans-
mit a mitial signal towards a reference object, which will
produce a return signal directed back towards the antenna
clement. Afterwards, based on the time elapsed between
transmission of the imitial signal, reception of the return sig-
nal, and known delays at the reference object, the phase center
location for the antenna element can be ascertained. However,
such methods are not without problems. First, signal latency
can result 1 a time consuming calibration process. For
example, if calibration data 1s being obtained between some-
what distant objects, such as Earth and Mars, the elapsed time
between transmission and reception can be at least on the
order of tens of minutes. If such a task 1s performed individu-
ally for a large array of multiple antenna elements, a calibra-
tion process can take hours, 1f not days. Second, even if closer
reference objects are utilized to minimize signal latency, vis-
ibility 1s still generally an 1ssue. For example, 11 the calibra-
tion data 1s acquired using signals transmitted between the
Earth and the Moon, availability 1s a problem. In particular,
since the Moon 1s available for approximately only 12 hours
a day, calibrations can only be performed during limited time
windows. Third, even 1f the reference object 1s available 24
hours a day, off-task alignment 1s an 1ssue. That 1s, since the
reference object may not be 1n the direction of the object of
interest for the antenna array, the antenna array will generally
need to terminate a current task and go 1nto a calibration mode
that points the antenna array away from the object of interest.
As a result, the antenna array 1s generally unavailable for
communications and/or measurement task during this cali-
bration mode.

To overcome the various limitations of conventional multi-
clement antenna array communications systems, embodi-
ments of the present invention provide systems and methods
for adjusting the phase of transmitted signals to correct for
such phasing errors. In particular, the various embodiments of
the present invention provide systems and methods for com-
puting a phase correction for a transmitted signal at an
antenna element based on signals received by the array of
antenna elements from one or more radiometric sources. The
received signals can be used to compute a differential distance
for the antenna element relative to a reference antenna ele-
ment to determine the amount of phase correct needed. Since
both signals from radiometric sources can be recerved and the
phase corrections can be computed during transmission, such
systems and method provide significant advantages over than
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long loop methods by reducing or eliminating latency 1ssues
and availability. Furthermore, such phase corrections can be

computed based on a received signal at the same or different
frequency as the frequency of transmission.

Although the various embodiments of the present inven-
tion will be described with respect to an exemplary embodi-
ment, the present mvention 1s not limited in this regard.
Accordingly, the present invention can take the form as an
entirely hardware embodiment, an entirely software embodi-
ment, or any combination thereof.

Exemplary Communications System

FIG. 1 shows an exemplary communications system 100
configured according to an embodiment of the present inven-
tion. As shown i FIG. 1, the communication system 100
comprises a multi-element antenna system (MEAS) 150 for
transmitting signals to and recerving signals from at least one
object of interest 108 remotely located from the multi-ele-
ment antenna system. In FIG. 1, the object of interest 108 1s
shown as airborne or space borne object, such as an aircratt,
spacecrait, a natural or artificial satellite, or a celestial object
(e.g., planets, moons, asteroids, comets, etc. . . . ). However,
the present mvention 1s not limited in this regard and the
MEAS 150 can also be used for transmitting and receiving
signals from an object of interest 108 that 1s not airborne or
space borne but 1s still remotely located with respect the
MEAS 150. For example, a ground-based MEAS 150 can be
used to provide communications with objects of interest 108
at other ground-based or sea-based locations. The MEAS 150
can generally include an array control system (ACS) 102 for
controlling the operation of multiple antenna elements.

In FIG. 1, the ACS 102 1s shown as controlling the opera-
tion of antenna elements 1064, 1065, 106¢ and associated RF
equipment 104a, 1045, 104¢. The antenna elements 106a,
10656, 106¢ provide wireless communications. For example,
if the MEAS 150 1s 1n a transmit mode, then each antenna
clement 106a, 1065, 106¢ converts electrical signals into
clectromagnetic waves. The radiation pattern 111 resulting
from the interference of the electromagnetic waves transmit-
ted by the different antenna elements 106a, 1065, 106¢ can
then be adjusted to provide a central beam 112 in the radiation
pattern 111 aimed 1n a direction 116 of the object of interest
108. The radiation pattern 111 of the antenna elements 1064,
1065, 106¢ also generates smaller side beams (or side lobes)
114 pointing 1n other directions with respect the direction of
the central beam 112. However, because of the relative dit-
ference 1n magnitude between the side beams 114 and the
central beam 112, the radiation pattern preferentially trans-
mits the signal in the direction of the central beam 112.
Therefore, by varying the phases and the amplitudes of the
signals transmitted by each of antenna elements 106a, 1065,
and 106¢, the magmitude and direction of the central beam
112 can be adjusted. If the MEAS 150 1s 1n a receive mode,
then each of antenna elements 106a, 1065, and 106¢ captures
energy Irom passing waves propagated over transmission
media (e.g., air or space) 1n the direction 120 and converts the
captured energy to electrical signals. In the recetve mode, the
MEAS 150 can be configured to combined the electrical
signals according to the radiation pattern 111 to improve
reception from direction 120, as described below.

In FIG. 1, the antenna elements 106a, 10656, and 106¢ are
shown as reflector-type (e.g., dish) antenna elements, which
generally allow adjustment of azimuth (1.e., lateral or side-
to-side angle) and elevation (angle with respect to a local
horizontal reference plane). Therefore, 1n addition to adjust-
ment of phase and amplitude of the signal transmitted by each
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of antenna elements 106, the azimuth and elevation of each of
antenna elements 106a, 1065, and 106¢ can also be used to
turther steer the central beam 112 and to further adjust the
radiation pattern 111. However, the present invention 1s not
limited 1n this regard and antenna elements 106 can comprise
either directional or omni-directional antenna elements.

Although three (3) antenna elements 1064, 1065, 106¢ are
shown 1n FIG. 1, the various embodiments of the present
invention are not limited in this regard. Any number of
antenna elements can be used without limitation. Further-
more, the spacing between the antenna elements 106a, 1065,
and 106¢ with respect to each other can vary. Accordingly, the
antenna elements 106a, 1065, and 106¢ can be widely or
closely spaced to form an MEAS 150 that has a width ofup to
several kilometers. The antenna elements 106a, 1065, 106¢
can also be regularly spaced (not shown) with respect to one
another to form a two dimensional (2D) grid of antenna
clements or arbitrarily spaced (or non-linearly spaced) with
respect to one another (as shown 1n FIG. 1) to form a three
dimensional (3D) irregular array of antenna elements. As
shown 1in FI1G. 1, an arbitrary spacing for the antenna elements

106a, 10656, 106¢ can include providing varying elevation as
well as varying lateral spacing between the antenna elements
106a, 1065, 106c.

As shown 1in FIG. 1, each of antenna elements 106a, 1065,
106¢ 1s communicatively coupled to a respective RE equip-
ment 104a, 1045, 104¢ via a respective cable assembly 110aq,
11056, 110c¢ (collectively 110). Each of the cable assemblies
110a, 1105, 110c¢ can have the same or different lengths. As
used herein, the term “cable assembly” refers to any number
of cables provided for interconnecting two different compo-
nents. In the various embodiments of the present invention,
the cables 1in the cable assembly can be bundled or unbundled.

The RF equipment 104a, 1045, 104¢ control the antenna
clements 106a, 10656, 106¢, respectively. For example, the RF
equipment 104a, 1045, 104¢ can include hardware entities for
processing transmit signals and recerve signals. The RF
equipment 104a, 1045, 104¢ will be described in more detail
below 1n relation to FIGS. 3-4. Additionally, for directional
antenna elements, as shown in FIG. 1, the RF equipment
104a,104b, 104¢ are configured to provide control signals for
control antenna motors (not shown), antenna servo motors
(not shown), and antenna rotators (not shown) in antenna
clements 106a, 1065, 106c¢ to provide, for example, azimuth
and elevation control.

As shown 1n FIG. 1, each of the RF equipment 1044, 1045,
and 104¢ 1s communicatively coupled to the ACS 102 via a
respective communications links 118a, 11856, 118¢. Gener-
ally such communications links are provided via a cable
assembly, however the present invention 1s not limited in this
regard. In the various embodiments of the present invention,
communications links 118 can comprise wire line, or optical,
or wireless communications links. The cable assemblies for
the communications links 118a, 11854, 118¢ can have the
same or different lengths. Furthermore, although the commu-
nications links 1184, 1185, and 118c¢ are shown to be arranged
to couple the RF equipment 104 to the ACS 102 1n parallel, in
other embodiments of the present invention, they can be con-
nected 1n a series arrangement, such as that shown by com-
munications links 1194, 1195, and 119c.

In operation, the ACS 102 modulates signals to be trans-
mitted by the antenna elements 106a, 1065, 106c. The ACS
102 also demodulates signals recetved from other antenna
systems. The ACS 102 further controls beam steering. The
ACS 102 will be described in more detail below 1n relation to
FIGS. 2-5.
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Referring now to FIG. 2, there 1s provided a more detailed
block diagram of the ACS 102 1n FIG. 1. As shown in FIG. 2,
the ACS 102 includes a transmit side 202 and a receive side
204. Furthermore, the ACS 102 1s be configured to manage
both transmission and reception operations of the MEAS 150
based on signals for transmission and control signals. In
particular, the transmit side 202 can generate signals to be
transmitted by the RF equipment 104q, 1045, 104¢ via
antenna elements 106a, 10656, 106¢. Additionally or alterna-
tively, the transmit side 202 can receive one or more signals
from one or more signal generators (not shown) or receive
external control signals. The transmit side 202 1s also config-
ured for modulating each of the generated or recerved signals
and communicating the modulated signals to the RF equip-
ment 104a, 1045, 104¢ for transmission. The transmit side
202 will be described 1n more detail below 1n relation to FIG.
3.

The receive side 204 1s configured for recerving electrical
signals generated by the RF equipment 104a, 1045, 104¢
based on the energy captured by the antenna elements 106aq,
10656, 106¢ from passing waves. The recerve side 204 1s also
configured for demodulating the electrical signal and com-
municating the demodulated electrical signal to an output
device (not shown). The recerve side 204 will be described
below 1n more detail in relation to FIG. 4.

Although the transmit side 202 and the receive side 204 can
operate separately or independently, as shown 1n FIG. 2, 1n
some embodiments of the present invention, operation of the
transmit side 302 can be further adjusted based on one or
more signals generated 1n the recerve side 204 o the ACS 102,

In the various embodiments of the present invention, the
ACS 102 can control operation of the transmit side 202 and
the recerve side using a model-based control system or a
calibration data-based control system. A “model-based” con-
trol system, as used herein, refers to a control system based on
a computer simulation model of the communications system.
In operation, a model-based control system receives configu-
ration data that specifies pre-defined information about the
arrangement and operation of the various components 1n the
MEAS 150 and generates control signals for the MEAS 150
based on the response of the computer simulation model to
user mputs for a communications task. A “‘calibration data-
based” control system, as used herein, refers to a control
system that generates control signals based on selecting and/
or interpolating values from a lookup table of responses to
previous user inputs. Therefore 1n the various embodiments
of the present invention, the ACS 102 can recerve configura-
tion data specily calibration data or stmulation data, including,
a computer simulation model and a set of associated model
parameters.

Referring now to FI1G. 3, there 1s provided a block diagram
of the transmit side 202 of FIG. 2 communicatively coupled to
the RF equipment 104a, 1045, 104¢ of FIG. 1. As shown in
FIG. 3, the transmit side 202 1s comprised of a Transmit Radio
Signal Generator (TRSG) 302, hardware entities 304a, 3045,
304¢, and beamiormers 308a, 3085, 308¢c. The TRSG 302
generates signals to be transmitted from the array of antenna
elements 106a, 1065, 106¢. The TRSG 302 1s communica-
tively coupled to the hardware entities 304a, 3045, 304¢. The
term “hardware entity”, as used herein, refers to signal pro-
cessing, including but not limited to filters and amplifiers.
Each of the hardware entities 304a, 3045, 304¢ 1s communi-
catrvely coupled to arespective one of the beamiormers 308a,
3085, 308c.

Each of the beamformers 308a, 30856, 308¢ can be utilized
to control the phase and/or the amplitude of transmit signals
for each antenna element 106a, 1065, 106¢. In general, the
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respective phase shifts (¢, ¢,, ¢;) and/or amplitude adjust-
ments (a,, a,, a,) for the antenna elements 106a, 1065, 106¢
can be used to adjust formation of the central beam 112, the
side beams (or side lobes) 114 and nulls 1n the radiation
pattern 111 of the MEAS 150. Nulls correspond to directions
in which destructive inference results 1n a transmit signals
strength that 1s significantly reduced with respect to the direc-
tions of the central beam 112 and the side beams 114. The
combined amplitude adjustments a,, a,, a, and phase shitt
adjustments ¢,, ¢,, ¢, are referred to herein as a complex
weight w,, w,, w;. Each of the beamformers 308a, 3085,
308¢ combines a respective complex weight w,, w,, w, with
the transmit signals to be provided to a respective RF equip-
ment 104a, 1045, 104¢. For example, as shown 1n FIG. 3, each
beamiormer 308a, 3085, 308¢ includes respective amplitude
adjusters 310a, 3105, 310c¢ for adjusting an amplitude of the
transmit signals from hardware entities 304a, 3045, 304c,
respectively, based on an amplitude a,, a,, a; Each beam-
former 308a, 3085, 308¢ also includes phase adjusters 312a,
3126, 312¢ for applying adjusting a phase of the transmuit
signals from hardware entities 304a, 304b, 304c¢, respec-
tively, based on a respective phase shitt ¢, ¢,, ¢5 (or ¢,', ¢,
¢,' as described below). The amplitude a, a,, a, and phase
shift ¢, ¢, ¢ can be generated based on a model or calibra-
tion data describing the behavior of the MEAS 151. Compu-
tation of the complex weights w,, w,, w, can be performed by
any conventional methods based on calibration data or simu-
lation data for the MEAS 150.

Each beamformer 308a, 3085, 308¢ 1s communicatively
coupled to a respective hardware entity 328a, 3285, 328¢ of
the RF equipment 104a, 1045, 104¢ to provided the weighted
transmit signals. The hardware entities 328a, 3285, 328¢ are
communicatively coupled to a respective high power ampli-
fier (HPA) 3304, 3305, 330c. HPAs are well known to those
having ordinary skill in the art, and therefore will not be
described herein. However, 1t should be understood that the
HPAs 330a, 3305, 330c communicate signals to the antenna
elements 106a, 1065, 106¢ for transmission therefrom in the
direction 116 of an object of interest 108.

Reterring now to FI1G. 4, there 1s provided a block diagram

of the recerve side 204 of FIG. 2 communicatively coupled to
the RF equipment 104a, 1045, 104¢ of FIG. 1. As shown 1n

FIG. 4, each of the RF equipment 104a, 1045, 104¢ further
comprises a Radio Frequency (RF) translator 402a, 4025,
402¢ and a Low Noise Amplifier (LNA) 404a, 4045, 404c.
Each of the RF translators 402a, 4025, 402¢ performs signal
frequency translation of receiwve signals from a respective
antenna element 1064, 1065, 106¢ 1n the respective antenna
controller 104a, 1045, 104¢. The translation function of the
RFE translators 402a, 402b, 402¢ generally converts the
received signal at a respective antenna element 106a, 1065,
106¢c from an RF to an intermediate frequency (IF). The
[LNAs 404a, 404b, 404¢ generally amplity the IF signals
output from the RF translators 402a, 4025, 402¢, respectively.
Each of the LNAs 404a, 4045, 404¢ 1s communicatively
coupled to the recerve side 204 of the ACS 102.

The receive side 204 further comprises a plurality of filters
420a, 4205, 420c, a plurality of beamiormers 408a, 4085,
408c, hardware entities 412a, 4125, 412¢, 416, a signal com-
biner 414, and a demodulator 418. Embodiments of the
present mnvention are not limited 1n thus regard. For example,
the recerve side 204 can be absent of the filters 420a, 4205,
420¢ and hardware entities 412a, 41254, 412¢, 416.

As shown 1n FIG. 4, the filters 420a, 4205, 420¢ are com-
municatively coupled between the LNAs 404a, 404bH, 404c
and beamformers 408a, 4085, 408¢. Fach of the beamformers
408a, 40856, 408¢ can include a down converter 406a, 4065,
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406¢, a filter 422a, 4225, 422¢, and a combiner 410a, 4105,
410c. Embodiments of the present invention are not limited 1in
this regard. For example, the beamiormers 408a, 40856, 408¢
can be absent of the down converters 406a, 4065, 406¢ and
filters 422a, 42256, 422c¢.

Each down converter 406a, 4065, 406¢ can convert a digi-
tized real signal centered at an IF to a basebanded complex
signal centered at zero (0) frequency. The down converters
406a,4065b, 406¢ can share a common clock (not shown), and

therefore receiwve the same clock (CLK) signal. The CLK
signal can be generated within the receive side 204, elsewhere

in the ACS 102, or external to the ACS 102. The down con-

verters 406a, 4065, 406¢ can be set to the same center ire-
quency and bandwidth. The down converters 406a, 4065,
406¢ can also comprise local oscillators that are in-phase with

cach other. This in-phase feature ol the down converters 406a,
4065, 406¢ ensures that the down converters 406a, 4065,
406¢ shiit the phases of signals by the same amount. After
converting the digitized real signals to basebanded complex
signals, the down converters 406a, 4065, 406c communicate
the basebanded complex signals to the filters 422a, 4225,
422¢, respectively. The filters 422a, 422b, 422¢ filter the
basebanded complex signals and forward the same to the
combiners 410a, 4105, 410c.

Hach of the combiners 410a, 41056, 410c combines a base-
banded complex signal with a complex weight w,, w,, w, for
a particular antenna element 1064, 1065, 106¢. The complex
weights w,, w,, w, are selected to combine the receive signals
according to a particular radiation pattern. That 1s, complex
weights w,, w,, w, are selected to provide a central beam 112,
side beams 114, and nulls, as described above, so as to prel-
erentially recerve signals from one or more preferred direc-
tions. The combiners 410a, 4105, 410¢ can include, but are
not limited to, complex multipliers. Thereatter, the combiners
410a, 4105, 410¢ communicate the signals to the hardware
entities 412a, 4125, 412c¢, respectively. The hardware entities
412a, 412b, 412¢ can tfurther process the signals recerved
from the beamtormers 408a, 4085, 408¢. The hardware enti-
ties 412a, 41256, 412¢ communicate the processed signals to
the signal combiner 414.

At the signal combiner 414, the processed signals are com-
bined to form a combined signal. The signal combiner can
include, but 1s not limited to, a signal adder. Subsequent to
forming the combined signal, the signal combiner 414 com-
municates the same to the hardware entities 416 for further
processing. The hardware entities 416 can include, but are not
limited to, filters and amplifiers. After processing the com-
bined signal, the hardware entities 416 communicate the
same to the demodulator for demodulation.

FI1G. 5 1s a schematic diagram of a computer system 500 for
executing a set of instructions that, when executed, can cause
the computer system to perform one or more of the method-
ologies and procedures described above and below. For
example, a computer system 500 can be implemented to
perform the various tasks of the ACS 102, including calcula-
tion of complex weights w,, w,, ws, as described above, or
calculation of differential distances and phase adjustments, as
described below. In some embodiments, the computer system
500 operates as a single standalone device. In other embodi-
ments, the computer system 500 can be connected (e.g., using,
a network) to other computing devices to perform various
tasks 1n a distributed fashion. In a networked deployment, the
computer system 500 can operate in the capacity of a server or
a client developer machine 1n server-client developer network
environment, or as a peer machine 1n a peer-to-peer (or dis-
tributed) network environment.
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The computer system 500 can comprise various types of
computing systems and devices, including a server computer,
a client user computer, a personal computer (PC), a tablet PC,
a laptop computer, a desktop computer, a control system, a
network router, switch or bridge, or any other device capable
ol executing a set of istructions (sequential or otherwise)
that specifies actions to be taken by that device. It 1s to be
understood that a device of the present disclosure also
includes any electronic device that provides voice, video or
data communication. Further, while a single computer is
illustrated, the phrase “computer system” shall be understood
to include any collection of computing devices that individu-
ally or jointly execute a set (or multiple sets) of instructions to
perform any one or more of the methodologies discussed
herein.

The computer system 500 can include a processor 502
(such as a central processing unit (CPU), a graphics process-
ing unit (GPU, or both), a main memory 504 and a static
memory 306, which commumicate with each other via a bus
508. The computer system 300 can further include a display
unit 510, such as a video display (e.g., a liquid crystal display
or LCD), a flat panel, a solid state display, or a cathode ray
tube (CRT)). The computer system 300 can include an input
device 512 (e.g., a keyboard), a cursor control device 514
(e.g., a mouse), a disk drive unit 516, a signal generation
device 518 (e.g., a speaker or remote control) and a network
interface device 520.

The disk drive unit 516 can include a computer-readable
storage medium 522 on which i1s stored one or more sets of
istructions 524 (e.g., soltware code) configured to 1mple-
ment one or more of the methodologies, procedures, or func-
tions described herein. The 1nstructions 524 can also reside,
completely or at least partially, within the main memory 504,
the static memory 506, and/or within the processor 502 dur-
ing execution thereot by the computer system 500. The main
memory 504 and the processor 502 also can constitute
machine-readable media.

Dedicated hardware implementations including, but not
limited to, application-specific integrated circuits, program-
mable logic arrays, and other hardware devices can likewise
be constructed to implement the methods described herein.
Applications that can include the apparatus and systems of
various embodiments broadly include a variety of electronic
and computer systems. Some embodiments implement func-
tions 1 two or more specific interconnected hardware mod-
ules or devices with related control and data signals commu-
nicated between and through the modules, or as portions of an
application-specific itegrated circuit. Thus, the exemplary
system 1s applicable to software, firmware, and hardware
implementations.

In accordance with various embodiments of the present
disclosure, the methods described herein can be stored as
software programs 1n a computer-readable storage medium
and can be configured for running on a computer processor.
Furthermore, software implementations can include, but are
not limited to, distributed processing, component/object dis-
tributed processing, parallel processing, virtual machine pro-
cessing, which can also be constructed to implement the
methods described herein.

The present disclosure contemplates a computer-readable
storage medium containing mstructions 524 or that recerves
and executes instructions 524 from a propagated signal so that
a device connected to a network environment 526 can send or
recetve voice and/or video data, and that can communicate
over the network 526 using the mstructions 524. The mstruc-
tions 524 can further be transmitted or recerved over a net-
work 526 via the network interface device 520.
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While the computer-readable storage medium 522 1s
shown 1n an exemplary embodiment to be a single storage

medium, the term “computer-readable storage medium”
should be taken to include a single medium or multiple media
(e.g., a centralized or distributed database, and/or associated
caches and servers) that store the one or more sets of 1mstruc-
tions. The term “computer-readable storage medium™ shall
also be taken to include any medium that 1s capable of storing,
encoding or carrying a set of instructions for execution by the
machine and that cause the machine to perform any one or
more of the methodologies of the present disclosure.

The term “computer-readable medium™ shall accordingly
be taken to 1nclude, but not be limited to, solid-state memories
such as a memory card or other package that houses one or
more read-only (non-volatile) memories, random access
memories, or other re-writable (volatile) memories; mag-
neto-optical or optical medium such as a disk or tape; as well
as carrier wave signals such as a signal embodying computer
instructions 1n a transmission medium; and/or a digital file
attachment to e-mail or other self-contained information
archive or set of archives considered to be a distribution
medium equivalent to a tangible storage medium. Accord-
ingly, the disclosure 1s considered to include any one or more
ol a computer-readable medium or a distribution medium, as
listed herein and to include recognized equivalents and suc-
cessor media, in which the software implementations herein
are stored.

Although the present specification describes components
and functions implemented 1n the embodiments with refer-
ence to particular standards and protocols, the disclosure 1s
not limited to such standards and protocols. Each of the
standards for Internet and other packet switched network
transmission (e.g., TCP/IP, UDP/IP, HTML, and HT'TP) rep-
resent examples of the state of the art. Such standards are
periodically superseded by faster or more eif]

icient equiva-
lents having essentially the same functions. Accordingly,
replacement standards and protocols having the same func-
tions are considered equivalents.

Transmission Phasing Error Correction

As previously described, one aspect of the present inven-
tion 1s determining the differential distance for an antenna
clement relative to a reference antenna element 1n the antenna
array during transmission of a signal. That 1s, during trans-
mission of a signal, the antenna element can capture signals,
at the same or different frequency as the transmission fre-
quency, from radiometric sources that are currently within the
central beam. Theretore, the differential distances and thus
the phase adjustments or corrections can be computed with-
out having to stop a current transmission task.

The term “differential distance”, as used herein, refers to
the additional distance a wavetront needs to travel to reach a
phase center of the second antenna element after the wave-
front has reached a phase center of the first antenna element.
The term “phase center”, as used herein with respect to an
antenna element, refers to a point from which the electromag-
netic radiation generated by the antenna element spreads
spherically outward, with the phase of the signal being gen-
crally equal at any point on the sphere.

In general, a differential distance between antenna ele-
ments 1s typically associated with a particular angle of arrival
(AOA) of the signal at the antenna elements. That 1s, the angle
of the wavelront of the recerved signal with respect to a plane
contaiming the first and second antenna elements. This 1s
conceptually illustrated 1n two dimensions in to FIG. 6A. In
general, unless an object 602 transmits a signal 603 at a
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wavelength A towards first 604 and second 606 antenna ele-
ments separated by a distance D in a direction normal to the
plane 608 defined by the phase centers of the first 604 and
second 606 antenna elements, the waveiront 610 of the signal
603 will arrive at the plane 608 at some AOA (0) that 1s greater
or less than zero. As a result, as shown 1n FIG. 6A, the
wavelront 610 will reach the first antenna element 604 at a
first time and at a later time the wavetront 610 will reach the
second antenna element 606. As a result, the portion of the
wavelront 610 reaching the second antenna element 606 trav-
¢ls an additional distance D sin 0, a differential distance z..

Although the differential distance Z could be estimated
based on O and D, the actual differential distance 1s alfected
by other factors, resulting 1n a difference between the esti-
mated and actual differential distances. For example, value of
D may not be accurate know. In another example, variation 1n
the actual differential distance can also arise if objects are
present 1n the path of the portion of the signal reaching at least
one of the antenna elements. For example, as shown 1n FIG.
6B, the portion of the signal reaching the second antenna
clement 606 may pass through a cloud 614 or other atmo-
spheric disturbance or phenomena. As a result, even 1f the
signal 603 1s transmitted normal to the plane 608 defined by
the phase centers of the first 602 and second 604 antenna
clements, as shown in FIG. 6B, the wavelront will propagate
differently through cloud 614. This difference 1n propagation
clfectively operates as a differential distance 7.

For 1llustrative purposes, the various embodiments of the
present invention will be described with respect to first and
second antenna elements, where one of the antenna elements
1s a reference element. However, the various embodiments of
the present invention are not limited to determining the dif-
terential distances with respect to a reference antenna ele-
ment. Rather, in some embodiments of the present invention,
a reference location can be utilized 1nstead and each antenna
clement 1n the array will be associated with a differential
distance with respect to the reference location. For example,
with respect to FIGS. 6 A and 6B, the first antenna element
602 can comprise a location with or without an antenna ele-
ment. Although any reference location can be selected, in
some embodiments of the present invention, the reference
location 1s selected to be within the antenna array.

As previously described, the phase of a signal will vary as
it travels through a communications medium (e.g., air or
space). If a signal travels a differential distance Z, as
described above, the signal 603 will undergo additional phase
variation or phase propagation prior to reaching the second
antenna element 606 as compared to the first antenna element
604. This difference can generally be expressed as n+1 wave-
lengths, where n 1s the number of whole or complete wave-
lengths and 1 1s the number of fractional wavelengths (1<<\)
the phase of the signal varies over the differential distance.
For example, as shown 1n FIG. 6A, the signal 603 undergoes
a phase propagation of SA+1 over the differential distance z2.
This quantity can also be expressed as z,/A 5 x, Where z, 1s the
differential distance for the second antenna element and A 5
1s the wavelength of the signal being recerved.

-

T'he difference in phase (n+f) can generally be modeled

using the steering vector (V). A “steering vector”, as known
to one or ordinary skill in the art, 1s an array describing the
properties of the signal at each antenna element. A steering
vector for two elements, as shown 1n FIG. 6A, can generally
be expressed as shown below 1n Equation (1):

| amplitude, &8P

(1)

 amplitude, e’ F2)
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where o 1s a radian frequency of the signal, 3 1s a wave
number of the signal expressed as 27t/A, ,, and z, 1s differential
distance for each element.

For large arrays of reflector elements (1.e., greater than
200’s of meters), the steering vector can be rewritten as a
product of signal amplitude, frequency, and phase, as shown
in below 1n Equation (10):

- amplitude, eI e 2)
v = ® ®|
amplitude, gl L
where
i E_.ﬁﬁzl
e 4P
1s the array factor,
- sinf;cosg; |
2 C o
p=—z=Disand it 5 sing; sing;
cosb;

for a signal, 1, which allows the steering vector phase term to
specily an array factor vector (AF), to be used model the
phase difference between the antenna elements. In the 2-¢le-
ment case depicted 1n FIG. 6A:

(3)

e B | 1

||

Al

_ o P2 _

Since z;=D sin 0=0 for the first element 604 (i.c., the refer-
ence element in the array) and e“=1.

This term 1s a function of array frequency 1/A,,=t,./C
(where ¢ 1s the speed of light) and the distance or separation
between the elements, D. Therelfore, assuming that the first
clement 1s used as a phase reference, then the fractional phase
difference (1) at the second antenna element 1s described by
Equation (4):

(4)

mGdZJr( < ) = mﬂdZH( D;inﬁ?] =f

ARy Rx

where 1 1s the modeled fractional part of a wavelength at the
receive frequency, 1, for the second antenna element. After
calculating the fraction portion, 1 using the BSS process
described below, the whole number of wavelengths, n can be
calculated as shown below:

(5)
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where

" sinf;cos; |

s1né; s1ng;

o
[

cost;

1s a unit line of s1ght vector for a particular signal, 1.
Using Equation (13), the modeled differential distance can be
replaced by the true differential distance. The true differential

distance can then be used for correcting beamforming during
a transmission operation. For example, the true differential
distance can be used with a model of the communications
system to determine the correct weights to form a beam for
transmit signals.

In an array of very widely spaced elements, an exact whole
number of wavelengths typically cannot be measured. How-
ever, the actual fractional phase difference 1 can be calculated
by generated a steering vector for the actual signal using an
adaptive blind source separation (BSS) algorithm, as
described below. Therefore, even though the actual value ofn
1s generally unascertainable, the actual value of 1 can be
combined with the estimated value of n to allow calculation of
a differential distance value for the second antenna element
with increased accuracy. This 1s conceptually described
below with respect to FIGS. 7TA-T7C.

FIG. 7A shows a schematic of phase propagation 702 of a
signal along a differential distance between a first and a
second antenna element. As previously described, as the sig-
nal 702 traverses the differential distance, the signal wall
undergo some amount of phase propagationn,, +1, _, where
n, _1sequalto an unknown number of whole wavelengths m.
Unfortunately, determining a value for m for a received signal
1s non-trivial. When array element spacing 1s on order of
thousands wavelengths, it 1s difficult to determine phase to a
tew degrees, since this amounts to measuring to a few parts
per million accuracy. For example, for X-band frequencies, a
wavelength 1s approximate an inch and so accuracies of about
/100 of an 1nch are generally needed over an antenna element
separation distance of 200 to 300 feet. Although, many sur-
veying techniques (1including laser metrology) are accurate to
less than one inch over this distance (about one full wave-
length), measuring such a delay using such an external source
would require a bandwidth of 2 GHz or more to obtain reli-
able results. This 1s 3 to 4 orders of magnitude wider than
most deep space downlinks. (Although quasars have such
bandwidth, they are generally very weak and would require
long integration times during which time, array parameters
could change.) Although using measurement data 1s generally
prohibitive, since the phase of the as-received signal can
generally always be measured, a value for 1, ., commensu-
rate with the final portion 704 ofthe phase propagation 702 of
the as-recerved signal, can generally be determined using an
adaptive BSS algorithm, as described below.

Additionally, bothn,, _andft,  canbemodeled toprovide
modeled valuesn,__, ,and1__ . ,for estimating a differential
distance, as described above, for the signal in FIG. 7A. FIG.
7B shows a schematic of estimated phase propagation 706 of
the signal 1n FIG. 7A. Although the estimated phase propa-
gation 706 can be used to determine an estimated differential
distance basedonn,__ . ,and{__ . . the transmission medium
variation and antenna element location errors result in a varia-
tion of the value of at__ ., as compared to 1, _. However,
even though the portion 708 of the estimated phase propaga-
tion 706 associated with £ _ ., may not be accurate, the por-

tion 710 of the estimated phase propagation 740 can be
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assumed to represent the number of whole wavelengths for
the actual phase propagation 702 i FIG. 7TA with a high
degree of accuracy. Generally, such an assumption can be
made when the error 1n the location of the antenna elements 1s
within a wavelength. Therefore, in the various embodiments
ol the present invention, to provide an accurate estimate of the
phase propagation and therefore allow computation of an
accurate differential distance, the differential distance can be
estimated using a combinationofn__,,and 1, _.

For example, FIG. 7C shows a schematic of a “true” phase
propagation 712 of the signal in FIG. 7A. To construct phase
propagation 712, the estimated phase propagation 706 1s
selected and the portion 708 1s replaced with portion 704 from
phase propagation 702. As aresult, sincen__ . ,1s assumed to
be correct and the 1, (based on portion 704) 1s known, a
more accurate estimate of the differential distance can be
performed.

In the exemplary replacement process shown in FIGS.
7A-T7C above, 1t 1s assumed that then__, ,and n. . _ have the
same number of wavelengths. However, then__ . , value can
also be higher or lower than the n,, _ value. Accordingly, to
obtain a correct phase propagation (1.e., correct values for
computing the sumofn,__ . and 1, ), some additional con-
siderations can be required. IT 1t 1s assumed that the phase
propagation values for the modeled (n,,,_ ..., 1 . ;) and “true”
(n, ., 1_ ) phase propagation differ by less than one wave-
length, then the difference between the modeled and actual
differential distances for an antenna element can be expressed

ds.

(0)
|Zmﬂd€.‘f - Zrmfl < 5/1

Theretore, the difference 1n phase (¢p=z/A\) can be expressed

;| | < =>‘Z dlzt ‘{1 ()
as. ¢mod€£ ‘;brmf 3 zlmﬂ C by rc 2

or

|(Hmﬂd€.f + fFHDdff) — (HI‘I‘HE + ﬁf“HE)l — (8)

|(Hmﬂd€£ — nl“f‘uf) — (ﬁruf - fmgdg,{)l < =

2
SEtting nmadef_nrrue:k Elnd frrue_fmc}defzp! Equation (15)
reduces to:
| 9
[k —pl <3 )

2

where ke{-1,0,1}.

Using p=(1,,,.0=1,0402) and K=, 4;~1y,0) Dy 18 ObLAINE
sincen, =(n__. —K)andused to correct the modeled ditfer-
ential distance.

The method of replacement 1n FIGS. 7A-7C will therefore
vary according to the value of k. Inthe case of k=0,n,__ ., ,and
n, . arethe same, therefore replacement can be performed as
described above 1n FIGS. 7A-7C. In the case of k=1, this

means that n 1s greater than n In such a case, the

model e’

outright replacement of portion 708 with portion 704, as
described 1n FIGS. 7TA-7C would result 1n the n value for
phase propagation 710 to be one mteger wavelength too high
and result 1n an overestimate of the differential distance. As a
result, the combination step would require reducing n by one
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integer wavelength prior to computing the differential dis-
tance. In the case of k=-1, this means thatn__ , ,1s less than
n, . In such a case, the outright replacement of portion 708
with portion 704, as described in FIGS. 7A-7C would resultin
the n value for phase propagation 710 to be one integer wave-
length too low and result in an underestimate of the differen-
tial distance. As a result, the combination step would require
increasing n by one mteger wavelength prior to computing the
differential distance.

Although the determination of adding or removing wave-
lengths can be performed manually, the process can also be
generalized as shown below. Since both 1, and I _ ., are

known, k can be calculated and n,,, can be expressed as:

Flie

M opyie :Hmadef_k:‘nmadef_acﬁuﬂed (1 0)

and n ~can be calculated as:

model__adjuste

2
— E Z
A model

— ﬂﬂﬂ{i - Zmode.‘f]
2 C

(11)

Rmodel adjusted = tfloor

Using Equations (10) and (11), n,_,, and n,__ can be
calculated and the floor function provides the necessary
adjustment to add or remove the additional wavelength. Sub-
stituting 1nto z./A,.=n+i, the “true” value for z, (1.e., the
differential distance for the second antenna element) can be

then expressed as:

z E?I?FHE‘:}"RX(HIT‘H €+f I?“ue)

which can be used 1n equation (7) to provide phase informa-
tion for the antenna element of interest.

Once the differential distance 1s calculated, it can be used to
provide a phase correction for the signal being transmitted.
Referring back to Equation (3), 1t was noted that for the
system 1n FIG. 6, the phase component describing the differ-
ence between antenna elements 604 and 606 was described by

(12)

where Z=D sin 0. Therefore the phase correction (A¢) for the
transmitted signal at a particular AOA can be expressed as:

(13)

where A._1s the wavelength of the transmitted signal. In some
embodiments, such a correction can be applied at the beam-
former for the antenna element. As additional signals are
received at other AOAs, additional phase correction values
can be calculated for these AOAs and can also be used to
adjust the model-based control system.

Although FIGS. 6A-6B and FIGS. 7A-7C present an
example for calculating a phase correction for an antenna
clement with respect to a reference antenna element, the
present invention 1s not limited 1n this regard. In the various
embodiments of the present invention, the differential dis-
tances can be used to update configuration data for a control
system controlling the operation of an array of antenna ele-
ments to allow phase corrections can be computed for all of
the antenna elements. For example, referring back to FIGS.
1-3 the ACS 202 can compute a steering vector for the
received signal at all of antenna elements 106a, 1065, 106c¢,
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. values based on the steering vector, and
corresponding differential distance wvalues, as described
above Alterwards, during a transmission beamiorming opera-
tion, the weights w,, w,, w, will then include phase correc-
tions A¢,, Ap,, Ap,. For example, the transmission weights
w,, W,, W5 can provide phase adjustment weights of ¢,', ¢,
O =0, +AP,, d,+AP,, P AP, Tfor antenna elements 106a, 1065,
106c¢ 1nstead of the standard phase adjustment weights ¢, ¢,,
¢,, Additionally, as previously described, values for subse-
quent phase corrections A¢,, A¢,, Ap, at ditferent AOAs can
be computed and used to further adjust the model-based con-

trol system of the ACS 102.

corresponding 1.

il

BSS Algorithm for Computing 1, _

As previously described, measurement of 1, can be per-
formed using an adaptive BSS algorithm, including open loop
and closed loop methods. For example, 1n a closed loop
method, the standard system covariance matrix, R _for com-
puting the steering vector, 1s formed from the expected value

of the outer product of the input signal vector. If X (t) is the
vector of mputs from the array elements, then

o () (14)

X 720 + Z m(OVP; v,

=1k

| On(D) |

where o(t) 1s the thermal noise for a given 1mput, m.(t) 1s the
complex modulation for a particular source, P 1s the source’s

power and ?i(t) 1s 1ts steering vector. The covariance matrix
1s calculated by forming the vector outer product and taking

an expected value, denoted by E ( ) and provides:

R =E(x*)x(0)=0+2P,v ,*v T (15)

The thermal noise matrix 1s generally of the following form,

Kexi _ (16)

while the complex modulation function m(t) 1s defined so
that E[m,*(t)m,(t)]=1 for a given source and that E[m,*(t)m,
(1)]=0 for source-to-source cross correlations.

Inspection of R, shows that the expected value operation
removes all source-to-source vector inner and outer Cross
products. Consequently, one 1s unable to ‘go back’” and deter-
mine the various signal steering vectors exactly without addi-
tional information.

Alternatively, a pair of similar matrices with different
information content can be solved simultaneously for the
steering vectors. The necessary matrices are obtained without
the need for calibration, thus general array control can be
accomplished without calibration. Subsequent AOA determi-
nation can then proceed on a source-by-source basis, with
AOA precision dependent upon calibration, but with gracetul
degradation versus errors and without catastrophic algorithm
failure. Furthermore, the nonuniform thermal matrix can be
removed so that the solutions are unbiased, even for very

weak LPI signals.
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The standard covariance matrix R _ 1s selected as the pri-
mary matrix. At least three methods are known for obtaining
a second similar matrix. Probably the simplest conceptually 1s
the delayed covariance, which we refer to as R_. One has

Re = Ele'(r— 0 (0] = ho)o? + ) qi(@Pviv] (9

=1,k

In the above, the scalar h(t)=1. The complex con-
stant, |q,(t)I=1 and 1s dependent upon the source’s carrier
frequency and time delay. For a narrow band source, q,(T) 1s
simply a phase shift, but sources with modulation also suffer
a correlation amplitude loss with increasing delay. Different
modulation types produce different g functions. For example,
PSK modulation has a q value that linearly decreases with
delay, becoming zero at an imnverse bandwidth while the g for
bandlimited white noise follows a sin(x)/x variation. The
most important discriminant 1s the phase of q, which 1n a
practical signal environment 1s virtually always different
from source to source. In a Doppler shifted environment, even
phase locked sources at different locations will display fre-
quency oilsets and thus different q values. Note that R_(0)=R
(zero correlation delay). Delay values approaching an inverse
bandwidth are effective 1n many applications.

To address the matrices having the diagonal noise terms,
consider solving the eigenvalue equation

R_e=AR . (1%)

After regrouping terms and simplitying,

"

v [A = g(DIP0vTe) + (A = h)c?e = 0.

:
i=1.k

(19)

Again, two solution types are obtained. The solution of inter-
est 1s from the noise sub-space, and 1s characterized by e1gen-
vectors orthogonal to all of the steering vectors simulta-
neously. For an N imput array and k signals, there are (N-k)
such eigenvectors, and they will all have repeat eigenvalues,
A=h. Multiplying R _ by one of the noise sub-space eigenvec-
tors yields

szRxezoze. (20)
All signal subspace matrices are eliminated from the product
because e 1s orthogonal to all steering vectors. Expanding u

provides:

o1 [o2er 21)
— 2% O_%EZ
L = _ = _

inl 0—2;1811

Since u and e are known, one can solve for the o, on a
term-by-term basis, thus o,” is determined. One may now
remove 0, and o, from R_and R_ respectively, obtaining a
set of singular matrices designated T. Note that one degree of
freedom is required to solve for o°.
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Once the noise terms have been determined, a fundamental
process for solving for unbiased steering vector using singu-
lar matrices can be used. Let

=R -c?=Y PViv; (22

i Vi
i=1.k

and

(23)

sk 5T
T; = R —h(t)o? = ) qi(@Piv; v;
=1k

If the generalized eigenvectors and eigenvalues are found of
the above set of equations. One has:

T =AT.e. (24)
Expanding Equation (22) therefore provides:
N P ;}* ﬁT Z 0 (T)P ;}* —}T (25)
=1k =1,k
which after collecting terms and regrouping vields,
(26)

Since the individual steering vectors are independent, each
of the terms in the summation must be zero independently.
There are two types of solutions. For the trivial solution,

(V “e)=0 for all steering vectors and the eigenvalue is inde-
terminate. This 1s the null sub-space of this system of equa-
tions. For an N input array and k signals, this space has

dimension (N-k). The second type of solution has (?f ¢)=0
tor all steering vectors but one, v,. This remaining term 1s then
satisiied by an associated eigenvalue such that

A =q(T) (27)

This 1s the signal sub- space of the system of equations, and 1t
has dimension k. The j* steering vector is then obtained by
forming the product

T.e;/=P.v (v 7.

e;)=(scalar) v . (28)

Normalization removes the scalar, then one can solve for P,
since all other terms 1n the expression are known.

The preliminary step of solving for the noise covariance
matrix i (21) and removing 1t in (22) are very important steps
in obtaining the exact result of (28). In a practical system, the
diagonal noise matrix always has different values for each
input and thus cannot equal the 1dentity matrix times a scalar.
Eigenvector decomposition ol a practical noise covariance
matrix in combination with signal covariances can not be
decomposed 1nto exact signal and noise sub-spaces unless the
diagonal noise matrix equals the identity times a scalar. Thus,
without correction, competing algorithms such as MUSIC
(MUIltiple SIgnal Characterization) produce biased steering
vector estimates. Practically, this limitation prevents those
algorithms from finding and characterizing weak signals.

Although one procedure for obtaining a steering vector has
been described above in detail, embodiments of the present
invention are not limited 1n this regard. In other embodiments
of the present invention, other methods for obtaining a second
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covariance matrix are also suitable, including polarization
and fourth order co-variance methods, such as cumulant-
based methods.

FIG. 8 1s a flowchart of steps 1n an exemplary method 800
for operating an array of antenna elements 1n accordance with
an embodiment of the present invention. Method 800 begins
at step 802 and continues on to step 804. In step 804 a model
of the array or calibration data for the array can be received.
Themodel and/or the calibration data provide a description or
configuration of the array that includes or allows estimation
ol phase center locations for the various elements 1n the array.
The estimation of the phase center location can be based
purely on the known physical aspects of the antenna element
or based on previously acquired calibration data. However,
the present invention 1s not limited in this regard and the phase
center locations can also be based on estimates of phase errors
1n various portions of the array.

Concurrently or subsequent to step 804, signal data for at
least one signal can be recerved at first and second antenna
clements at step 806 during a transmission operation. As
previously described, this signal can be recerved from a radio-
metric source currently within a central beam of array of
antenna elements. That 1s, while communicating with an
object of 1interest within the central beam, signals from radio-
metric sources that are also within the beam can be used for
calculating differential distances. Although such reference
objects will not be at the exact center of the central beam, the
differences 1n AOA for such reference objects will generally
not be significant enough to cause a miscalculation of the
differential distance.

In the various embodiments of the present invention, the
term “radiometric source” refers to any object providing radio
emissions detectable by the array of antenna elements. For
example, these can include artificial objects, such as space-
craft, and celestial objects, such as planets, stars, quasars, and
moons emitting detectable electromagnetic energy.

Once the signals are recerved at step 806, calculation of the
“true” phase propagation can be started. First, at step 808 the
signal recerved at a second element 1s analyzed using an
adaptive BSS algorithm to determine t, _ as previously
described. In other embodiments, inter-element phase com-
parison methods can be used to determine the f,.  values.
However, comparison approaches are typically limited 1n
accuracy. For example, the presence ol multiple emitters near
an antenna element of interest can result interference. Fur-
thermore, 1f the antenna elements do not operate 1dentically,
such methods fail to capture the effect of such variations on
t.__ without performing some amount of signal processing,
which reduces the overall signal power available for deter-
mining 1. . BSS methods, however, are not generally
alfected by such effects and allow 1, _ values to be obtain
without the need for significant filtering that can reduce the
signal power available. Concurrently or subsequent to step
808, a configuration of the antenna array, based on calibration
data and/or a system model, can be used 1n step 810 to deter-
mine an estimated phase propagation(n,_ . +f . ) between
the first antenna element and the second antenna element. For
purposes ol method 800, it 1s assumed that the first antenna
clement 1s the reference antenna element. The fractional
wavelength portion of the estimate phase propagation (1 ,_;)
can then be determined in step 812.

The estimated phase propagation can then be adjusted 1n
step 814. As previously described, the estimated phase propa-
gation is adjusted by computingn,,  fromn__, ,according to
Equations (9) and (10). The adjusted or “true” phase propa-
gation value (n,, +1,. ) can then be used in step 816 to
compute an actual differential distance (z,,, ) between the

rride
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phase center of the first and second antenna elements. Finally,
in step 818, the phase of the transmitted signal can be adjusted
using the updated calibration data and/or system model. In
particular, for the same AOA z, _ was calculated for, subse-
quent transmissions will have a phase component adjustment

(A¢) equal to

ey
o 1y I‘FHE'.

The various embodiments of the present mvention have
been described with the assumption that a single narrowband
signal has been recerved. However, the various embodiments
of the present invention are not limited 1n this regard. In some
embodiments, multiple signals can be received along the
same central beam. The use of multiple signals allows mul-
tiple observations and differential distance calculations to be
performed, allowing increased accuracy in the computation
of the phase adjustments needed for the antenna elements.
Furthermore, in some embodiments, wideband signals can
also be utilized. In such embodiments, Frequency-domain
analysis synthesis filtering methods can be utilized to divide
the wideband signals into a plurality of narrowband ranges.
Accordingly, 1n such embodiments, the number of observa-
tions 1s effectively increased, also increasing the number and
accuracy of differential distances calculated. Additionally,
such an analysis can be necessary when the error in the
location of the antenna elements 1s greater than one wave-
length.

Applicants present certain theoretical aspects above that
are believed to be accurate that appear to explain observations
made regarding embodiments of the invention. However,
embodiments of the invention may be practiced without the
theoretical aspects presented. Moreover, the theoretical
aspects are presented with the understanding that Applicants
do not seek to be bound by the theory presented.

While various embodiments of the present invention have
been described above, 1t should be understood that they have
been presented by way of example only, and not limitation.
Numerous changes to the disclosed embodiments can be
made 1n accordance with the disclosure herein without
departing from the spirit or scope of the invention. Thus, the
breadth and scope of the present mvention should not be
limited by any of the above described embodiments. Rather,
the scope of the mvention should be defined 1n accordance
with the following claims and their equivalents.

Although the invention has been illustrated and described
with respect to one or more implementations, equivalent
alterations and modifications will occur to others skilled 1n
the art upon the reading and understanding of this specifica-
tion and the annexed drawings. In addition, while a particular
teature of the invention may have been disclosed with respect
to only one of several implementations, such feature may be
combined with one or more other features of the other imple-
mentations as may be desired and advantageous for any given
or particular application.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. Further-
more, to the extent that the terms “including”, “includes”,

“having”, “has”, “with”, or variants thereof are used 1n either
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the detailed description and/or the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising.”

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined 1n commonly used dictio-
naries, should be mterpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and will not be 1nterpreted 1n an 1dealized or overly formal
sense unless expressly so defined herein.

We claim:
1. A method for correcting transmission phasing errors in
an plurality of antenna elements, the method comprising:
recerving at least a first signal having a first frequency at
said plurality of antenna elements at an angle of arrival
(AOA);
for at least one of said plurality of antenna elements, 1den-
tifying an actual fractional wavelength value (1, ) for
the first signal recerved with respect to a reference loca-
tion;
obtaining a estimated phase propagation of the first signal
at said one of said plurality of antenna elements relative
to the reference location based at least on configuration
data for plurality of antenna elements; and
updating said configuration data associated with said AOA
for said one of said plurality of antenna elements based
on the estimated phase propagation and 1, .
2. The method of claim 1, wherein the obtaining comprises:
calculating the estimated phase propagation by modeling
said first signal traversing an estimated differential dis-
tance for said one of said plurality of antenna elements
relative to said reference location based on the configu-
ration data and the AOA; and
calculating an estimated fractional wavelength value
(f ., and an estimated whole wavelength value
(n, ., for the first signal from the estimated phase
propagation.
3. The method of claim 2, wherein said updating further
COmprises:
estimating an actual whole wavelength value (n,,, ) for the
first signal based on the estimated phase propagation and
t,..; and
determiming an actual differential distance (z,,, ) for the
one of said plurality of antenna elements relative to the
reference location based onasumoff, _andn,, .
4. The method of claim 3, further comprising:
transmitting a second signal having a second frequency
(c/A ) Irom the one of said plurality of antenna elements
at said AOA using a complex weight having a phase

correction, wherein said phase correction 1s

2
o A1y I‘FHE'.

5. The method of claim 4, further comprising:
recewving a third signal having a third frequency at the
plurality of antenna elements at said AOA; and
repeating the identifying, the obtaining, the updating, and
the transmitting steps based on the third signal.
6. The method of claim 3, wherein said estimating n
further comprises computing an adjusted value of n

Iriie

model

(nmodef_adfjusred) tor Dye



US 7,970,365 B2

23

7. The method of claim 6, wherein said computing of
0,001 aqiustea 1S PErTOrmed according to the equation

f

Fmodel_adiusted = floo E 'Zmode!]a

where 1 1s a frequency of said first signal, ¢ 1s the speed of
light, and z 1s the estimated differential distance for said one
of said plurality of antenna elements.

8. The method of claim 1, wherein said reference location
comprises a location of another of said plurality of antenna
clements.

9. The method of claim 1, wherein said identifying further
comprises analyzing the first signal at said one of said plural-

ity of antenna elements using an adaptive blind separation
signal (BSS).

10. A communications system comprising;

a plurality of antenna elements; and

an array control system communicatively coupled to said
plurality of antenna elements, said array control system
comprising;

a storage element for storing signal data for at least a first
signal having a first frequency received at said plurality
of antenna elements at an angle of arrival (AOA) and for
storing configuration data for said plurality of antenna
elements;

a processing element communicatively coupled to said
storage element, said processing element configured for:

identifying an actual fractional wavelength value (1., ) for
at least one of said plurality of antenna element for the
first signal with respect to areference location, obtaining
a estimated phase propagation of the first signal at said
one of said plurality of antenna elements relative to the
reference location based at least on configuration data
for plurality of antenna elements, and updating said
configuration data associated with said AOA for said one
of said plurality of antenna elements based on the esti-
mated phase propagation and 1, .

11. The communications system of claim 10, wherein said
processing element 1s further configured during said obtain-
ing for:

calculating the estimated phase propagation by modeling,
said first signal traversing an estimated differential dis-
tance for said one of said plurality of antenna elements
relative to said reference location based on the configu-
ration data and the AOA; and

calculating an estimated {ractional wavelength value
(1., and an estimated whole wavelength value
(n, ., for the first signal from the estimated phase
propagation.

12. The communications system of claim 11, wherein said
processing element 1s further configured during said updating,
for:

estimating an actual whole wavelength value (n,,, ) for the

first signal based on the estimated phase propagation and
t_;and

determining an actual differential distance (z,, ) for the
one of said plurality of antenna elements relative to the
reference location based onasumoff, _andn, ..
13. The communications system of claim 12, wherein said
processing element 1s further configured for comprising;:
generating control signals for transmitting a second signal
having a second frequency (¢/A ) from the one of said
plurality of antenna elements at said AOA, said control

signals comprising a complex weight having a phase

10

15

20

25

30

35

40

45

50

55

60

65

24

correction for said one of said plurality of antenna ele-
ments, wherein said phase correction is

_j._Z_:?rz
e 7y I‘.F'HE'.

14. The communications system of claim 13, wherein said
storage element further configured for receive signal data for
a third signal having a third frequency at the plurality of
antenna elements at said AOA, and wherein said processing
clement 1s further configured for repeating the identifying, the
obtaining, the updating, and the transmitting steps based on
the third signal.

15. The communications system of claim 12, wherein said

processing element 1s further configured during said estimat-
ing n for computing an adjusted value of n

e model

(nmc:adef_adjusred) tor S T
16. The communications system of claim 15, wherein said

processing element performs said computing of
n _according to the equation

model _adjuste

Pmodel adjusted = floo E ' Smodel ]:-

where 1 15 a frequency of said first signal, ¢ 1s the speed of
light, and z 1s the estimated differential distance for said one
of said plurality of antenna elements.

17. The communications system of claim 10, wherein said
reference location comprises a location of another of said
plurality of antenna elements.

18. The communications system of claim 10, wherein said
processing element 1s further configured during said i1denti-
tying for analyzing the first signal at said one of said plurality
of antenna elements using an adaptive blind source separation
(BSS) algorithm.

19. A computer-readable storage, having stored thereon a
computer program for correcting transmission phasing errors
in plurality of antenna, the computer program comprising a
plurality of code sections for performing the steps of:

recerving signal data for at least a first signal having a first

frequency at said plurality of antenna elements at an
angle of arrtval (AOA);

for at least one of said plurality of antenna elements, 1den-

tifying an actual fractional wavelength value (1, ) for
the first signal recerved with respect to a reference loca-
tion using a blind source separation algorithm;
obtaining a estimated phase propagation of the first signal
at said one of said plurality of antenna elements relative
to the reference location based at least on configuration
data for plurality of antenna elements; and
updating said configuration data associated with said AOA
for said one of said plurality of antenna elements based

on the estimated phase propagation and {,_ .

20. The computer-readable storage claim 19, wherein said
obtaining further comprises code sections for:

calculating the estimated phase propagation by modeling

said first signal traversing an estimated differential dis-
tance for said one of said plurality of antenna elements
relative to said reference location based on the configu-
ration data and the AOA; and

calculating an estimated fractional wavelength value

(1., and an estimated whole wavelength value
(n, ., for the first signal from the estimated phase

propagation.
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21. The computer-readable storage claim 20, wherein said

updating turther comprises code sections for:
estimating an actual whole wavelength value (n,,, ) for the
first signal based on the estimated phase propagation and

t . .;and

determining an actual differential distance (z,, ) for the
one of said plurality of antenna elements relative to the
reference location based onasumof i, ,, and n

trite trife’

22. The computer-readable storage claim 21, further com-
prising:
transmitting a second signal having a second frequency
(c/A+ ) Irom the one of said plurality of antenna elements
at said AOA using a complex weight having a phase
correction, wherein said phase correction 1s

J— .___E
o j‘lTx trie .

23. The computer-readable storage claim 22, further com-
prising;:

5
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recerving a third signal having a third frequency at the
plurality of antenna elements at said AOA; and

repeating the identifying, the obtaining, the updating, and
the transmitting steps based on the third signal.

24. The computer-readable storage claim 20, wherein said
estimating n,, . further comprises computing an adjusted
value ot n,,,,70; (00001 adjustea) 10T Dy

235. The computer-readable storage claim 24, wherein said
computing of n . 18 performed according to the

model _adjuste
equation

Mwmodel_adjusted = ﬂﬂﬂ{; ' Smodel ]5

where 1 1s a frequency of said first signal, ¢ 1s the speed of
light, and z 1s the estimated differential distance for said one
of said plurality of antenna elements.
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